Introduction
A glass fragment produced upon a destruction of a sheet glass is one of the most important items of physical evidence encountered in forensic science laboratories frequently. When a burglar enteres a house after breaking a window pane, tiny glass fragments can be transferred from the window to the clothes or the body of the burglar. In an automobile hit-and-run case, glass fragments found at a crime scene are compared with those taken from the windshield and the side window of a suspected car. If a series of scientific examinations prove a similarity between the glass fragments at a crime scene and those from a suspect, they can provide valuable physical evidence to associate the suspect with the crime. [1] [2] [3] The forensic discrimination of glass fragments has been carried out by comparing the color and thickness, 4 observing the original surface under an interference microscope, 5 and measuring the refractive index (RI) and density. [6] [7] [8] [9] [10] However, a comparison of the optical and morphological characteristics can be applied only to sufficiently large fragments, which are rarely found in actual cases. Improvements in quality control during the manufacturing of glass have made the variation for RI of glass smaller, resulting in a reduced discrimination capability by the comparison of RI. 11 In order to increase the evidential value of glass fragments by enhancing the discrimination capability, the analysis and comparison of elemental compositions have been investigated for the further discrimination of glass fragments using instrumental analysis, such as neutron activation analysis, 12 scanning electron microscopy/energy dispersive X-ray fluorescence, 13 X-ray fluorescence spectrometry (XRF), [14] [15] [16] atomic absorption spectrometry, 15 inductively coupled plasma atomic emission, 14, 17, 18 and inductively coupled plasma mass spectrometry (ICP-MS). [19] [20] [21] [22] [23] Among these procedures, ICP-MS is considered to be the most suitable for forensic glass examination, because it can offer high sensitivity indispensable for the analysis of trace impurities, the comparison of which is effective for the discrimination of various types of evidential materials. However, the application of ICP-MS to evidential glass is limited by its disadvantages, such as large amount of sample (2 -10 mg) required, destruction of fragments, complex and time-consuming pretreatment to dissolve glass into acid solution. The nondestructive analysis of small fragments using an EPMA is not suitable for the detection of trace elements in glass because of its low sensitivity.
Synchrotron radiation X-ray fluorescence spectrometry (SR-XRF) is an analytical technique, which uses brilliant monochromatic X-rays as an excitation source. The extremely high sensitivity and small beam size of SR-XRF can provide a potential for the nondestructive analysis of trace elements in a small sample, such as glass fragments. Actually, Nakai et al. have reported the successful application of SR-XRF to geological and biological samples. [24] [25] [26] In a previous study, 21 the authors examined the analysis of trace impurities in headlight glass using the SR-XRF and ICP-MS and demonstrated that SR-XRF could be an alternative method of ICP-MS based on the agreement of the analytical results obtained by these methods. In the present study, the RI measurement and trace elemental analysis with SR-XRF were applied to the forensic Measurements of the refractive index (RI) and elemental analysis using synchrotron radiation X-ray fluorescence spectrometry (SR-XRF) were applied to the forensic discrimination of sheet-glass samples from different origins. The refractive index was calculated from the matching temperature at which the glass fragments became invisible in silicone oil. Fragments smaller than 1 mm in maximum diameter were taken from each of 11 sheet glasses and subjected to analysis by SR-XRF. The XRF spectrum of these samples indicated that a comparison of 6 elements (Ca, Fe, Sr, Zr, Ba and Ce) was useful for the discrimination of sheet glasses. Cluster analysis was performed using 33 sets of SR-XRF data obtained by triplicate measurements for the 11 glasses. Comparing 528 pairs among 33 samples, 515 pairs could be correctly discriminated. The number of indistinguishable pairs could be reduced from 36 to 4 by comparing the SR-XRF data. Elemental analysis by SR-XRF could provide small glass fragments with a more evidential value than the solely measurement of only RI, through a significant improvement of the discrimination capability.
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discrimination of sheet-glass samples from different sources.
Cluster analysis was employed to the interpretation of multielemental data obtained by SR-XRF. The improvement of the discrimination capability by combing these two methods was also estimated in terms of the number of indistinguishable pairs.
Experimental

Instruments
The RI measurement system used in this study was a phasecontrast microscope with a hot stage of Model FP82HT (METTLER, Greifensee, Switzerland) and a control unit of Model GRIM2 (foster + freeman, Worcestershire, UK) attached. As illumination for the RI measurement, a halogen bulb lamp was used together with an interference filter of 589 nm.
The SR-XRF experiments were carried out at Super Photon Ring 8 GeV (SPring-8), Nishi-Harima, Hyogo, Japan. Monochromatic X-rays of 75 keV from the BL37XU beam line were used as an excitation source to irradiate a glass fragment after passing through an ion chamber to monitor the X-ray intensity. The beam size was adjusted to 1.0 mm × 0.5 mm by a combination of horizontal and vertical slits. The SR-XRF spectrum was measured using a pure-Ge solid state detector from CANBERA (Connecticut, USA). The geometry between the X-ray beam and the detector was fixed at 90˚. All of the measurements were performed under atmospheric conditions. The accumulation time was set at 1000 s.
Chemicals and samples
Silicone oil (SH710) was purchased from Toray·Dow Corning Silicone (Tokyo, Japan) for RI measurements. Standard glass samples (K1, K7, BK7, K5 and PK3) with certified RI values by Ohara Inc. (Kanagawa, Japan) were used to make a calibration curve between RI of silicone oil and the temperature. NIST Standard Reference Material 612 (trace elements in glass) was used to determine the detection limit by SR-XRF. Eleven kinds of different sheet-glass samples, whose information is summarized in Table 1 , were collected in order to estimate the discrimination capability of the present method. Purified water prepared by a Milli-Q system (Nihon Millipore Kogyo Ltd., Tokyo, Japan), ethanol and acetone of reagent grade (Wako Pure Chemical Ltd., Osaka, Japan) were used to wash glass samples as well as handling tools for sample preparation. Sheet glasses were washed with water, dried in the air and broken with a hammer into small pieces (< 10 mm) wrapped in a sheet of paper. Among these pieces of sheet glass, 4 pieces were taken from different positions in each sample. One piece was used for an RI measurement, and the other 3 were for elemental analysis with SR-XRF.
Procedures
Refractive index measurement. A piece of sheet glass was crushed into an appropriate size (approximately 0.5 mm or smaller) with an agate mortar after washing with ethanol and then dried in the air. These fragments were mounted in silicone oil and observed with a microscope as the temperature of the hot stage was varied at 4˚C/min. The match temperature at which the glass became invisible due to the same RI with the oil was measured. The refractive index of the glass was calculated using the match temperature and the calibration curve. The measurement was repeated 5 times for each sample using different fragments. Glass fragments containing the original surface were excluded from the RI measurement, because the surface of the sheet glass could exhibit RI values different from that of bulk glass.
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Analysis of trace elements by SR-XRF. Each piece of sheet glass was washed 6 times with acetone and water. After being dried in an oven, each piece was crushed into fragments of appropriate size with the agate mortar. A fragment smaller than 1 mm in maximum diameter was selected from each piece. This fragment was wrapped with thin film (6 µm, polypropylene), attached to a sample holder, as shown in Fig. 1 , and used for elemental analysis with SR-XRF.
Results and Discussion
Results of RI measurements
The results of RI measurements for the 11 sheet glasses are given in Table 2 . It is reported that the variation of RI within a sheet glass across different sampling positions is smaller than 0.0002, which was calculated as the maximum range of the mean ± 2SD. 9, 14 Compared with the inner-sample variation, RI for the 11 sheet glasses occurred over a wide range from 1.5186 to 1.5204. Discrimination of these glasses was performed as follows.
A pair of sheet glasses is considered to be distinguishable when their RI differs by more than 0.0002. On the contrary, a pair of sheet glasses is considered to be indistinguishable when the difference in RI is equal to or less than this criterion. The difference in the RI value was calculated for all of 66 pairs among 11 samples. As a result, 54 pairs (82%) were distinguishable, whereas 12 pairs (18%) were not. This result may not represent a general trend, because of the limited number of samples examined. Actually, the rate of indistinguishable pairs was under 10% in the previous studies carried out using a sufficiently large number of glass samples. 9 However, it should be remembered that discrimination only by the RI comparison always runs a risk of type-II errors, 14 which means incorrect attribution of two samples to a common origin. This opinion is supported by the fact that 8 of 12 indistinguishable pairs are produced by different manufacturers.
Elemental analysis using SR-XRF
In order to select useful elements for the forensic comparison of sheet glasses, the XRF spectrum for 11 different samples in Table 1 were measured and compared with each other. The measurement was repeated three times using different fragments taken from each sample separately. The representative spectra of samples 3 and 7 are shown in Figs. 2(a) and 2(b) , respectively, as an example of successful discrimination by elemental analysis.
These two samples could not be distinguished by a comparison of the RI, because the difference in RI between the two was smaller than the variation in the same sample. However, a significant difference was observed in the XRF spectra of these samples. The peaks of Ce Kα and Ce Kβ were detected only from sample 3. The peak intensity of Fe Kα was higher than that of Ca Kα in sample 7, while the former was lower than the latter in sample 3. All 66 pairs among 11 samples were compared in a similar manner. As a result, 6 elements (Ca, Fe, Sr, Zr, Ba and Ce) were found to be useful for the discrimination of sheet glasses. It should be emphasized that excitation by high-energy X-rays of 75 keV could make it possible to analyze Ba and Ce using the K lines of these elements with no interference from the major elements. Analysis of these heavy elements in glass using the L lines were interfered by an overlapping of the K lines from major elements, such as Si and Ca, when low-energy X-rays under 30 keV were employed as an excitation source.
The X-ray intensities of 6 elements measured for the 11 sheet glasses are summarized in Table 3 . Fragments taken from NIST standard reference material were analyzed, and the detection limits (DL) for 3 elements (Sr, Ba and Ce) with certified or reference value were calculated according to the expression 3B 1/2 (C/N), where B is the background counts, N the net counts, and C the content of the element. 28 
Discrimination of sheet glasses by cluster analysis
Cluster analysis was performed using 33 sets of SR-XRF data in Table 3 , which were obtained by triplicate measurements for each of the 11 sheet glasses. In order to calculate the Euclidian distance between the data, 4 parameters (the intensity ratios, such as Ca Kα/Fe Kα, Sr Kα/Ba Kα, Zr Kα/Fe Kα, and Ce Kα/Ba Kα, were used as variances. The obtained dendrogram is shown in Fig. 3 .
The number of pairs among the 33 samples in the dendrogram was 528 (= 33C2). These 528 pairs could be classified into 33 (= 3C2 × 11) pairs within the same glass and 495 (= 3 × 3 × 11C2) pairs between different ones. The discrimination of the 528 pairs was performed as follows. A pair of samples were considered to be distinguishable when they make a cluster at a similarity lower than 0.922, whereas they were considered to be indistinguishable and to originate from a same source when they were classified into a same cluster at a similarity over this criterion, because most of samples from a same source make a cluster under this value. The discrimination results are summarized in Table 4 . Out of 33 pairs within a same sample, 25 were correctly recognized, and the other 8 were incorrectly discriminated. Out of 495 pairs between different samples, 490 were correctly distinguished and the other 5 were not. The rate of correct discrimination as a whole was 515 out of 528 (97.5%), which is much better than that by only RI. It should also be emphasized that 32 out of 36 pairs with indistinguishable RI values could be discriminated by 857 ANALYTICAL SCIENCES JULY 2005, VOL. 21 comparing the SR-XRF data. The only 4 pairs that could not be distinguished by SR-XRF were those between samples 1(1), 1(2) and sample 2(1), 2(3). All of these pairs were produced at a common plant of a manufacturer with the same method. These results demonstrate that the analysis of elemental compositions by SR-XRF can provide small glass fragments with a greater evidential value than the sole measurement of RI, through a significant improvement of the discrimination capability. 
